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FUNDAMENTAL QUANTUM I/F NOISE IN ULTRASMALL SEMICONDUCTOR DEVICES AND

THEIR OPTIMAL DESIGN PRINCIPLES

Peter H. Handel

Department of Physics, University of Missouri, St. Louis, MO 63i1Z

FIRST RESEARCH PROGRESS AND FORECAST REPORT

AFOSR Grant No. 85 -0130

Starting Date: May 1, 1985; Date of this Report: November 30, 1985

Abstract

As a first stop of a more general study of i/f noise in semiconductor devices n+-p

diodes have ben investigated with emphasis on HgCdTe photodetectors. Quantum I/f noise

has been calculated in the surface and bulk recombination currents, in the diffusion and

field currents, and in the tunneling currents. Due to the large localized electric field at

the surface, a larger fractional quantum i/f noise power is obtained for surface

recombination currents than for similar bulk recombination currents. All quantum Ilf

noise calculations are first principles calculations with no free parameters, based on the

ouantum I/f effect in scattering and recombination cross sections, as well as in tunneling

rates. Together, the quantum 1/f mobility fluctuations, bulk and surface recombination

speed fluctuations and tunneling rate fluctuations can account for the ooserved 1/f noise

and can be used for optimizing small devices, as indicated by experiments at SBRC, Univ.

of Minnesota and Florida. Some suggestions are given at the end of Sec. II. For devices
-4.

.. larger than 10 microns coherent state quantum 1/f noise becomes important, according to a

new interpolation formula developed by the author in June - July 1985. The new

interpolation formula which bridges the gao between conventional (incoherent) quantum 1if

noise and :onerent state quantum I/,; noise is in general agreement -with measurements in

o-n diodes and transistors, and will be tested in more detail in the near future. The

theory has also been successfully applied to SQUIDs. AI] ?ORCI OT~v OW SCIUITIYIC n fIAR (AMSC)
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FUNDAMENTAL QUANTUM I/F NOISE IN ULTRASMALL SEMICONDUCTOR DEVICES AND

THEIR OPTIMAL DESIGN PRINCIPLES

Peter H. Hanoel

Deoartment of Physics, '1riversity -- ; Missouri. =t. 7us. M0 63121i

FIRST RESEARCH PROGRESS AND FORECAST REPORT

AFOSR Grant No. 85 - 0130

Starting Date: May 1. 1985; Date of this Report: November 30, 1985

I. INTRODUCTION

Progress has been achieved during the first half year of this grant in three directions:

1) 1/f noise in n+-p HgCdTe photodetectors which will be reviewed in Sec. II; 2) Coherent

state quantum I/f noise which will be reviewed in Sec. III; and 3) quantum 1/f noise in

SQUIDs which will be considered in Sec. IV.

The results of I/f noise calculations in n+-p HgCdTe diodes performed on the basis of

the quantum 1/f noise theory are presented and compared with measurements at

temoeratures of 77K. 193K and 300KP as well as with other exorimental data. Althougr, t!e

calculations co not contain adjustable parameters, a very encouraging correspondence

between theory and experiment is found, and a unified first principles description of 1/f

noise contributions from scatering, tunneling, or surface and bulk recombination cross

sections is obtained.

Experiments on n+-p HgCdTe diodes oerformed at temperatures between 77K and 300K

indicate a linear dependence of the 1/f current noise power spectrum on dark current at

sufficiently large bias and a quadratic dependence at very low bias. The observed values

of the Hooge parameter are comoared with the predictions of the quantum 1/; theory in the

diffusion model and found to be between coherent and incoherent ouantum 1if values,

:woser to the latter. The inclusion of bulk and surface quantum 1/f recom-ination rate

fluc-tuations improves the agreement with the quantum 1/f theory zor n -o diodes.

An electrically charged particle includes the bare particle and its field. The 4ielz -as
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.oen snown .n tee .s- -Wo aecaces -: of :" a ::nerert state. wich is not an eigenstate :f

* the Hamiltonian. Consequently, the p.-. al :artzcle ,s nct :escred ny an +erzy

eigenstate, and is therefore not in a staticrary state. 7n 5ec. III ; :-s reoort we snow

that the fluctuations arising from this non - stationarity have a I/f spectral density and

affect the ordered, collective, or translational motion of the current carriers. This

"coherent" quantum 1/f noise should be oresent along with the familiar quantum i/f effect

of elementary cross sections and process rates introduced ten years ago# just as the

magnetic energy of a biased semiconductor sample coexists with the kinetic energy of the

individual, randomly moving, current carriers. The amplitude of the quantum 1/f effect is

always the difference of the coherent quantum i/f noise amplitudes in the "out" and "in"

states of the process under consideration and dominates in small samples, while large

samples should exhibit the larger coherent quantum i/f noise.

In the last section of this report, Sec. IV, the fundamental quantum i/f fluctuations of

the cross sections and transition rates which determine the normal resistance are

evaluated for the case of a Josephson junction. Considering the velocity change in the

quantum 1/f formula equal to twice the Fermi velocity and the concentration of carriers in

the barrier 1019 cm- 3 , a soectral density of fractional fluctuations in the normal

resistance of the barrier of 4 10- 1 4 /f is obtained for a junction with a volume of the

barrier of 10 1 2 cm3 . These fluctuations art inversely proportional to the barrier volume

and result in voltage fluctuations both directly and through the dependence of the critical

current on the normal resistence, in good agreement with the experimental data.

. , "a

11. 1/ NOI STUDY OF n+-p HgCdTe PHOTODETICTORS

Infrared detector applications have led to increased interest in understanding and

controlling 1/f noise in n -o junctions, as reflected in several recent stuaLesl a. These

studies have connected 1/f noise with surface and bulk leakage currents. The leakage

currents causing i/f noise have been identified as generation - recombination (OR)

currents when the gate voltage was optimized (Vgao, and tunneling currents otherwise.

-Z. "
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The study by Radford and Jones nas also noticed a lower fractorai I/f noise cower in

double - eoilayer junctions (4 10-6) comoared to ion - implanted dioces t.0-6), and Cv ore

or two orders of magnitude lower noise in SiO2 oassivated diodes comoared with Zr

passivated junctions.

The oresent paoer reoorts the results of our experiments on t/f noise in n -o

Hg 1 _.CdxTe ohotodiodes and in other junction devices together with the aoplication of the

cuantum I/f noise theory 7 -1 5 , in order to gain both a better understanding of 1/f noise

I. ~ and a tool for better controlling it. We will emphasize the comoarison of theory and

exoeriment at every steop.

We first address the oroblem of 1/f noise phenomenologically in Sec. 2A which also

explains our method of comparing experiment and theory. Sec. 2.2 oresents some

predictions of the quantum I/f noise theory, including both conventional quantum i/f noise

and coherent states quantum I/f noise. Section 2.3 brings a comparison with the

experiment, and Sec.2.A presents some quantum 1/f noise contributions which are imoortant

for n*-o diodes. Sec. 2.$ contains a concluding discussion of the i/f noise problem in n+-o

Hg i-xCdxTe ohotodiodes.

2.1. PHENOMENOLOGY OF I/F NOISE

. There are many forms of low frequency current noise observed in diodes and other

junction devices. As forms which are not of i/f type we mention here: 1) Shot noise with a

. white 2eI spectrum for any current I; 2) GR noise with Lorentzian spectral density

components 4S, 2 /(, + 4tf 2 vP for each current I of carriers of lifetime -r; 3) Burst noise

with a spectrum and current dependence similar to GR noise with the time constant of the

controlling trap(s) substituted for'r; 4) Thermal relaxation fluctuations, also characterized

by a Lorentzian soectrum, with the thermal relaxation time substituted forr'; 3)

A _Nonstationarity due to the relaxation of the material defects in time will yield a f-2

soectral component which may give a oower law scectrum with an exoonent below -2 in



combination with other noise orocesses, over a limited soectral interval. The first three

of these also have an associated ouantum t/f noise contribution, as we shall see.

If these well mown forms ef low frecuency noise are brought under control by

straightforward technological improvements in the orocess of fabrication, th' levice will

remain limited by i/f noise which is also observed in homogeneous samples.

In agreement with earlier observations, Hooge found in 1969 that in semiconductor

resistors the fractional 1/f noise power density SI(f)/(I)2 was inversely proportional to

the number N of carriers in the sample. He could therefore write

SI(f)/) 2 so O/fN, (2.1

where OCH is an empirical factor, the Haage parameter, that is defined by Eq. (2.1). For long

samples Hooge foundfAH a 2x10- 3 , for short devices we found that H can be much smaller.

We come bacK to this in a moment.

If V is the applied voltage, g the conductance of the sample and L the device length, we

have

I a gVs 11 V/L 2  (2.2)

so that I can fluctuate if #,or N, or both fluctuate. Hence

SI(f)/W, 2 a S (f)/..N)2 9 whr 2 (2.3)

If we now write

"'M'" ZU •  .so thaytoA < (2.4)

wherei(t) is the mobility of an individual carrier, we find

u M N SN(f)/(N)2 + S (f)IN(-) 2  (2.3)

.b o,.(<,*'<-.,,



Since S 2 is inoeoenaent of i and N. and varies as 1/f. we equate it to aH/f. Hence

mobility fluctuation 1/f noise always Yields the Hooge relation, whereas number

fluctuation noise yields a Hooge type form AH/(Nf) if and only if SN(f) is orooortional to

N. This is the case for MOSFETs but may not be true for other devices.

In view of the above one would expect Eq. (2.1) to be true for semiconductor resistors,

MOSFETs, jFETs with very low g-r noise and in jjnction devices in which the current low

is governed by diffusion. It is not valid for GaAs MESFETs and MCDFETs because the

noise is often governed by fluctuations of the trap occupancy in the soace charge region

and is not of the 1/f type.

In most cases the carrier distribution is non-uiform. Obviously one must then replace

Eq. 2.1) by

SI(x,f)/I 2(x) - iH/fN(x)x, (24)

for any section Ax; here N(x) is the carrier density per unit length, and His independent

- of x. Calculating the current noise S1(f) contributed to the external circuit by a section ax,

summing over all sections Ax and expressing it in terms of the external current I one may

obtain

Si(f) a 1( H/f Neff- (2.a)

. in many cases; here Neff is an effective number of carriers. If Neff is independent of the

current I, 91(f) varies as 12 ; i Neff is proportianal to I as is, e.g., the case for injection

processes, 91(f) varies as I. Equatian (26a) is not valid for MOSFITs and JFETs, because

%of the nonlinearity of the device, but in many cton i/f noise mechanisms (2.6a) holds

and Neff is orowortional to I.

In general we use So. (2.6) to calculate the excected noise power spectrum as the

unlatown Hooge parameter times a Wow function of current, frequency, temoerature and

other device parameters. Measuring Si(f) we then determine an exoerimental value of the

'ii'-7
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Hooge oarameter ocH. Finally we comoare this result with the theoretical value 04 I.e

Hooge oarameter derived from the theory of the ouantum I/+ effect. This method is

oreferable because it allows us to recognize cases in which the dominant cuantum i /f noise

contribution does not come from mobility fluctuations, but from fluctuations of the surface

or bulk recombination rates, or of the injection or traoping rates. Such cases are treated

by us with a similar method as the one based on Ea. (2.6), with, e.g., the fluctuations of the

recombination cross sections reolacing the scattering cross sections reflectea in the

mobility fluctuations.

We must now start from Eq. (2.6) and calculate SIf). This yields for MOSFETs and

JFTs

Sdf) - c(HCq!dVd/fL2 (2.7)

below saturation. Here Vdis the drain voltage, Id the drain current,/ithe carrier mobility

in the cannel and L the channel length. Since all parameters are easily measurable, the

observed values of Szd(f) yield OH with an accuracy of 20%.

For n+-o-n transistors the collector i/f noise is found to be

SIc(f) = o~nI:P.(n/fb2) n [N(O)/P(Wb)] (2.8)

due to electron injection into the base region, and

SIb(f) x HpIb (qDp/fWe 2 ) In P(O)/P(We)3 (2.9)

*for the base I/f noise due to hole injection into the emitter. Here Wb and We are the base

and emitter lengths, resoectively, N(O) and N(Wb) the electron concentrations oer unit

length at the end points of the base, etc. Since lnEN(O)/N(Wb)] and lnCP(0)/P(We)] are slow

,4~r .functions of bias, Sc (f) and SIb(f) should vary aooroximately as :c and !b. Since the

emitter is very heavily dooed, 1) is inaccurately known and ln[N(O)/N(Wb)J and

A AL,. - -



in?(0)/P(W 3 are inac=urately 4nown, so triat te values o~asned #rvm ,e :a'a

De -i- cy a ia:..r 2-5 on either side esoec~aly 4or Sb(;).

E~uations (2.a) and (2.9) also hold -or short diodes WK<(Dx)!/"], bu. Wb and We must

be reolaced by the length W of the diffusion region. For lona diodes t'W>.>(De)/!j we

obtain 16

-f, = qH1IIlqF(I)/f = HIIIc/34 (2.10)

with

F() = 1/3 - 1/2 f"+i/ - qV/Tra rs exo(qV/ T) - 1, (2.A)

where -r is the minority carrier lifetime in the diffusion region and V the applied bias. The

last form of go. (2.10) is a useful approximation valid for the frequently encountered case

qV/1 >> 1. Often It is inaccurately Known, so that the value of cH. evaluated from the

data with the help of (2.10) may be off by a +actor 5 either way. More accurate values of T

are urgently needed.

2.2. QUANTUM I/F NOISE THEORY

For large devices (L > 1000y eter) I have introduced the concept of coherent state

Quantum 1/f noise1  . In that case the Hooge parameter oH may be written

=H z (H)coh = 2afr = 4.x10 - 3 ,  (211)

where o(=1/(t37) is the fine structure constant. This is of the same order of magnitude as

the emoirical value o(H 2 2x 10- 3 that Hooge found for long devices. It is therefore

oroaosed that Hooge's emoirical value foraH is due to coherent state Quantum I/f noise,

so that it has a very fundamental origin. Conerent ouantum I/+ noise will be aiscussed :r

detail in Sec. III.

1V



For small devices (L ! 100 meter) : nave orcoosed inconerent 7-10, 13-15 Cuanum /

noise. In that caseo(H may be written

r(H(=(Hlincoh ( 14(/3i111() 2 /1c2)J (2.12)

where 6v is the change in the velocity of the carriers in the interaction orocess

considered. This expression holds for any 1/f noise source describable by fluctuating

cross-sections. Since usually (r 2/c 2) << l exceot for carriers with a very small effective

-mass, we now have or. << 3.1x10-3. This may explain the low values ofoH (in the range of

H = 10-5- 0-9) for very small devices. In between one can introduce a oarameter S =

f(L/L.) where Lois a characteristic length and write1 2

0(142 (' incoh[t/(+S)] + (oH)coh[S/(l+S] (2.13)

with S-*aO for LIL o >> I and S-vO for L (< Lo . According to this rough approximationl 2 , L.

= lO0/ometer for samples with a concentration c of carriers of 1016 cm- 3 and varies

proportional to c- t / 2 . This describes the transitin from Ea. (2.11) to Eq. (2.12) when one

goes to devices with smaller and smaller lengths.

For carriers with a Maxwellian velocity distribution we have in the elastic collision

approximation

-0 2v = 61(T/m*, (2.14)

Substituting into Eq. (2.12) one obtains values fOr(H that are afactor 30 - 1000 smaller

than what is found experimentally. A more accurate calculation14 of the normal ohonon

interaction processes gives values that are only a factor 3 larger than Eq. (2.12). Normal,

or non - Umklaoo electron - onoron collision orocesses can therefore not exolain these

d aVa.



In the UmKlaoo cuantum I/- roise crocess 17 the carrier can transfer a momentum n/a :

or from the iat'+ice, whlere a is t.e ia.:e :onstar arc h is Piarck's constant. If the

corresoonding velocity change of tne carriers is ,v, we nave
Ai

m Av h/a; (Av/c)2 = (h/m*ac), (2.1)

so that

":! H *~ (4c4/3'l)h/m*acYt2. (245a)+

hen this is aoplied to low-noise Silicon n-channel JFSTs and p-channel MOSFETs, one

I"_'M obtains values that are about a factor 3 too large, whereas the accuracy of the

measurements :s ^0-30%. The reason is that we have forgotten to multioly (2.5a) by the

", orobability exo(-08/2T), where 8b is the Debye temoerature, that the interaction process

is of the UmKIlaop type. Hence a better aproximation should be

(0H) =O(Hu = P(/31[h/m*ac32exP(-/2T). (2.5b)

This agreed with measurements 3 on n-channel JFETs and o-channel MOSFETs within t.e

exoerimental accuracy of 20-30%. In the case of n-channel JFETS the measurements were

done in the 250-400 IK temoerature range and the temoerature dependence exo(-O%/2T) of

ofH was verified19 within 0%. We see from go. (2.i5b) that AH decreases raoidly for

&D/2T >> i.

At this point we provide a brief physical exolanation of the quantum i/f effect.

Consider for example Coulomb scattering of charged particles by a fixed charge. The

outgoing (scattered) Schroadinger field monitored by a detector at an angle 0 from the

direction of the ,ncoming beam contains a main non - bremsstrahlung oart ant various

contributions which lost small amounts of energy Ex hf due to the emission of a

bremsstrahlurg pnoton of arbitrarily low freguency f, and therefore have a DeBroglie

frequency lowered exactly by f. The exoression of the outgoing scattered current density

.

i' . . . _ . . .. . -. . +. :.' .. .- " " ' " . + -



11

is quaoratic in the outgoing Schroedinger field and will contain a maJor non -

bremsstrahlung part, a small bremsstahlung part, and two cross terms oroportional to both

the non - bremsstrahlung and the bremsstrahiung parts of the scattered charged oarticles

wave function. These cross terms oscillate with the beat frequency f. Photons are

emitted at any frequency, and therefore the cross terms will contain any frequency 4 with

an amolitude oroportional to the bremsstrahlung scattering amplitude. The fluctuating

cross terms will be registered at the detector as i/f noise in the scattering cross section.

For an elementary derivation of the quantum I/f effect we start with the classical

(Larmor) formula for the power 2Q2 /3c 2 radiated by an accelerated charge. The sudden

acceleration v = v St suffered by the charged particle during scattering has a constant

Fourier transform vf 2 Av, where Av is the velocity change during the scattering process

and dt) the delta function of Dirac. Therefore the spectral density 4q 2 i(fl 2 /3c 3 of the

radiated energy can be written in the form 4C2 v)2 /3c 3 and does not depend on f. Dividing

by the energy hf of a photon, we get the number spectrum 4q2(iV)Z/3c 3hf of the radiated

- ohotons, where h is Planck's constant. Since the amolitude of each of the two cross terms

X is orooortional to the amplitude of the bremsstrahlung part of the scattered oarticles

wave function, the fractional spectrum of the observed I/f noise is twice the number

spectrum of the emitted photons per scattered charge carrier:

I' 2 Si(f) .8q 2 (&v) 2 /3c 3hf -O(H.

With the definition OCS 2iTq2 /hc of the fine structure constant this is identical with Sq.

(2.12), and this completes our elementary derivation of the conventional (incoherent)

quantum I/f effect.

All scattering cross sections and orocess rates defined for the current carriers must

fluctuate with a fractional spectral density given by Eo. (2.16). Aoplied to scattering

cross sections, this means that the collision frequency, the mean time between collisions,

and the mobility of each carrier indeoendently, must all fluctuate with the same fractionai
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spectrum. This allows us to accly the ceriva=::n of "ne UiN factor for mobility

..uctuations, oresented in Eos. (2.2)-(2.5). The Hooge formula- 0 is thus derived from first

orincioles as a ouantum 1/f result with O(H given by Eq. (2.12). All 1/f noise formulae

A. derived on the basis of the Hooge formula can therefore be taken over as ouantum 1/f

results with the appropriate quantum 1/f Hoage parameter, but they will provide only the

quantum i/f contributions from the scattering cross sections. Therefore they will not

describe the experimental results oroperly in general, until we add the complementary

contributions from ouantum i/f fluctuations of the surface and bulk recombination cross

sections, from quantum I/f fluctuations in tunneling rates, or possible injection -

extraction contributions from the velocity changes Av in transitions of the carriers in

junctions and at contacts. Some of these complementary contributions turn out to be

similar to results of earlier calculations based on the McWhorter 2 1 and North-Fonger 22

models, in which the correct quantum 1I/f expression of recombination rate fluctuations are

replacing the rate fluctuations postulated by McWhorter and North. McWhorter had

considered transitions to and from traps in the surface oxide layer and North thermal

fuctuations of the surface potential as the final cause of I/f noise. Other ouantum I/f

contributions, finally do not even bear a formal resemblance to earlier calculations. We

conclude that the quantum 1/f approch provides both a foundation and a properly weighted

synthesis of earlier calculations, as well as additional contributions. In the same time the

quantum i/f approach eliminates all free parameters or fudge factors, leaving only the

fine structure constant as a common factor of all electromagnetic quantum i/f

contributions. Unfortunately not all cuantum I/f noise contributions have been worked out

in sufficient detail so far, as will be seen in Sec. 2.4, due to limitations in time and

secretarial services.
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Z,3. EXPERIMENTAL VERIFICATION

For the best n-channel HOSFETS oH).xp was a factor 50 larger than ( H)theory,

indicating that the ouantum 1/f noise is here masked by another noise source, which is

orobably surface I/f noise caused by traos in the oxide. Aooarently the o-channel

MOSFETs have lower oxide trap densities, whereas aHu is about one order of magnitude

larger; as a consequence the ouantum limit (2.5b) can be reached in the best units.

For a device length L comparable to or smaller than the free path length for Umklaoo

processes, dHu must be multiplied by a factor g(L/a), where g(L/;)-'1 for L/ )> I and

g(L/a )40 for L/A << 1 (ballistic limit). The same is true for normal collisions, but with a

different A. The function g(L/t) has still to be evaluated.

In the i/f noise of the base current Ib of transistors Eq. (2.9) indicates that SIb should

vary practically linearly with 1
b . This was verified2 3 for GE82-185 silicon o+-n-p

transistors, and the value of H agreed roughly with EQ. (2.1Sb). In NEC 57807 Silicon
n+-o-n microwave transistors SI(f) varied as Ib , with t= 1. at larger currents and

somewhat smaller at lower currents. Hence the parameter aH could not be orooerly

defined. The ouantum 1/f noise effect in the mobility seems here to be masked by (most

likely also ouantum 1/f type) fluctuations in the surface recombination velocity s at the

surface of the emitter-baue space charge region. Zhu 23 gave (VHexp < l.410- 7 , but this

estimated value Of OH could be 10 times larger due to an inaccurate estimate of Do, so that

(OH)exp and (H)theory 2 4x10- 7 are now comparable.

The i/f noise in the collector current Ic of silicon transistors, both of the n+-o-n
4c

variety and of the o+-n-p type, is extremely small. It is estimated thata H is at least a

factor 100 smaller than the value deduceo from Eq. (2.15b). Aoarently the UmKlaoo i/f

ncise is nhre aosent. T he NEC 57807 n -o-n microwave transistor had a base width of

0.35,weter so that it could be ooerating near the ballistic limit. For the GE82-185 the

bares width was I @5meter and hence it should be ooerating in the collision mode. This

651 '



absence of UmklapP I/f noise is caused by the manufacturing of the devices on 100 crystal

surfaces which avoids the Umklapo orocesses through the Umklapp - unfavorable oosition

of the energy minima of silicon for this particular orientation.

We have obtained some preliminary data2 4 on n+-p Hgl.xCdxTe diodes with x a 0.30.

The diodes were made on an epitaxial layer 1O/Lmeter thick, the emitter contact was

I5Ox 150,&meter, the length of the p-region was about 2 mm and the geometry was very far

from rectangular. For a rectangular approximation the effective volume Veff of the

, , p-region would be 10" 3 xl.5x10" 2x0.2cm3  3x10- 6 cm2 , but for the actual geometry Veff

could be larger or smaller. The error could be a factor 5 in any direction.

At 300 IK and forward bias it was found that Si(f)/I2 was constant, as expected for the

I/f noise of the series resistance Rs of the p-region. Since for x z 0.30 the material is

. nearly extrinsic andxn >>Y Xntthis noise comes from electrons; hence Eq. (2.1) may be

written

SI(f)/12 = H/fN a O(H/fnoVeff. (2.16)

where no is the electron concentration in the p-region. Evaluating no and estimating Veff

as shown. WU and van der Zie-24 found aH 1.7x,- 2 . This is a factor 3.5 larger than

* Handel's value of 4Ax 10-3 found for coherent state quantum I/f noise, but the possible

error may be a factor 5 in any direction.

At 3004 and lows. temperataures it was found that SI(f)/III was about constant for not

too small back bias* This meant that Eq. (2.10) might be applicable. The difficulty was

that the life time~r n of the carriers was poorly known. The relative shape of the rn(T)

versus T curves is known; Tn should have a maximum at intermediate temneratures and

1." drop off appreciably at lower and at higher temperatures- 4 . Wu and van der Zie1' 4

therefore took Tn(3 00) a 1.OxlO"8 sec, n(193). Sxl0-8 sec,andrn 7 7 ) z 0.5x10" 8 sec. This

yielded ("Hlexo 2x 10- 4 , whereas (WHltheory U 4x t0accaing to Eq. (2.15b) and (xHlcoh



a 4.6x 10"3 . This means that (O(Wexo lies between (LHn)theory and W0H)coh, closer to the

former.

How should this be interpreted? In view of the fact that UmKlapo 1/f noise seemed to

be absent in the collector 1/f noise of bipolar transistors, and that this noise, if oresent,

would have been generated in the base region, we cannot be sure that UmKlaop i/f noise is

generated in the p-region of long n+-p diodes. The safest conclusion that can be taken

from the fact that (aVexp a iO(41H)theory is that the presence of Umklaop 1/f noise in

Hgl.xCdxTe has not been demonstrated, nor has the absence of UmKlapp i/f noise been

proved.

A somewhat more optimistic conclusion cannot be completely ruled out, however. In

long n-p diodes one has to split the p-region into a diode part and a series resistance

part. The boundary lies about 1-2 diffusion lengths from the )-tion, so that the diode

part of the p-region may be a few hundred/mneter long. This might bring the generated

noise about halfway between coherent state 1/f noise and the UmKlapp I/f noise.

i/f noise in n+-p Hgl-xCdxTe occurs in many forms and each form should be tested. If

a Hooge parameterotH can be defined from the measured data, one can investigate whether

or not the measured value ofr H agrees with the theoretical value, lies above it, or lies

below it. If a Hooge parameter cannot be defined one can still measure spectra at various

currents, compare with theoretical spectra and see whether the quantum i/f noise is

masKed or is absent.,

2.4. REVIER OF QUANTUM 1/f NOISE SOURCES APPLICABLE TO n+-p DIODES

The various quantum i/f noise sources suggested by the author, which we will consider

here, have in common that they can be described by Zo. (2.12) but with a r2 value

described by an "energy" E z oV.

(Av2)/c 2 - 2E/m*c 2 a 2qVeff/m'c 2 . (2.17)

!



Examples:

(a) Recombination ouantum i/f noise in the oulk soace charge rem.n:6

S1(f) = 4(HallgrlCtanh( V/2(T)]/fMrno + o); (2.18)

CH = (4*/3 ,) 2q(Vdif-V)+3k' ] { (mn*)1 / 2+(m p*)1/2)-2c-2,

wehre I,, a QAWni( eqV/21(T - 1)/(2. .',d is the recomoination current, Tho and po the

Shociley-Hall-Read lifetimes, V the aoolied voltaye and Vdif the diffusion ootential of

the junction. Introducing an "effective carier number" Nef f

IIgrl(Tno+ TOr/qCtanhi(qV/2T)), Ed. (2.18) may be written in the form of Eq. (2.6a)

Si(f) U tHIgr2 /fNeff. (2.Ia)

(b) Quantum 1/f noise in the surface recombination current of n -P diodes. This effect

is caused by ouantum 1/f fluctuations of the surface recombination cross sections. The

calculation is similar to the previous (buliO case, but the GR process is localized at the

surface, and the additional electric field arising from the potential jumo 2U at the

interface between the bulX and the oxide and passivation layers wil lead to increased

4velocity changes of the carriers in the recombination process and to larger aH values.

I. Including also the quantum 1/f mobility fluctuation noise of the spreading resistance

caused by the concentration of generation and recombination currents at the intersection

of the depletion region with the surface of the diode, we obtain a current noise

- -~ contribution

SIMf) 3'OVIlI'grl CtanhlqV/2MT) /fl(rno + g'lo)

+ jl'gr)2 /ql'nfP ln(A/W 2), (2.19)

oe, s (4 I13) [21(Vdif+U-V)+31(](mn*)i 12+, .*1 t 12-2C-2'

11=

.J'.
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Here the orimea cuantities refer to the surf ace, i.e. we nave .ntroduceC the surface G

:urrent ! gr' the lifetimes in the vicinity of the surface and the W'H oarameer fcr surface

recombination. P is te perimeter, A the area and W tthe width of the junction. The

quantum 1/f mobility fluctuation oart is exopressed in terms of the global ca oarameter

whicti includes all types of scattering weighed with the appropriate mobility ratio factors.

Introducing again an "effective caier number" N'eff = II'gr(no go/

the first term of Ea. (2.19) may be also be written in the form of Eo. (2.6a

S1(f) = O itgr 2 /fN'eff, (219a)

Due both to the surface potential jump 2U and the I/f noise of the spreading resistance,

. the surface recombination current will be noisier than an equal bulk recombination current,

and this is in agreement with the experimental data.

(c) Injection - extraction quantum I/f oise6 , due to injction or extraction of carriers

across barriers. In this caset for not too small currents

SI(f) = Q'IJIIQ/f%;

v H a (4o(/3?f[2q(Vdif-V)+3H1T/mn*c 2 , (2.20)

where I is the injected current, and 'r is the time of passage of a carrier through the

.: barrier region. Introducing again an effective carrier number Neff z I ri/p Eq. (2;20) may

be written in the more general form (2.6a), valid also for very small I

SIM (f)CnJI2/fN~ff. (2.20a)

Note that in each case Neff, as long as it is larger than 1, is proportional to I (otherwise

Neff = 1, see below), and thatOH depends on bias.
d ) Recombination in the o region of a long n+-p diode of length w >> (DnQn)1/ 2 . Here,

for not too small bias

SI(f) a 'iI=q/3f' n  y tHI2 /fNeff; (2.21)

4L
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since = 2EIm and E 31(T/2. In this case 0(H is very small. At small bias (qV<KT) the

factor o/3 must be replaced by oF(U) with F given by Eo. (2.i0a).

(e) Quantum i/f noise in the tunneling rate. Tunneling is observed in n+-o dicoes with

sufficient gate bias2 . If we assume that the momentum change of the carriers in the

tunneling arocess is of the oroer of the thermal r.m.s. momentum, we obtain a mziima,

cuantum i/f noise oower soectrum

STM(f) = HI2/fNeff; Neff = III c/q, (2.22)

(H = (4c/3)[31kT/mn*C23,

where I is the time of passage through the barrier, or tunneling, i.e. the time during which

each carrier contributes to the current through the barrier. Since the width of the barrier

crossed by tunneling is small, this time is very short, of the order of t0-t4s. Neff will

then become larger than I at currents exceeding 10-3A, leading to a linear current

deoendence of the noise power. At lower bias Neff must be set eoual to unity in Eo. (2.22).

* and this gives a ouadratic current dependence.

N (f) Umklaoo If noise in a long n+-o diode. This can be out in the same form as in the

previous case

Sl(f) HIIIqF()/f.rn ,,HI 2 /fNeff; Neff - III/qF(M), (2.23)

but now H is given by (2.15b) and is much larger than in the previous case. The function

F(S) is given by Lo. (2.10a). This contribution, together with the normal (non - UmKlaoo)

horon scattering, intervalley scattering, impurity scattering and :otical ononon

scattering contributions, determines the ouantum ilf mobility fluctuation Hooge oarameter

However, not all of these contributions are imoortant, in general, in a given

semiconductor.
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The following are two cases .n wnx:v a satisfact.ry quantum i/i calculationnas rot

- been oerformed yet. Both are rather n:isy processes.

(a') Recombination at the surface of the base region in a Ge transistor. This orocess is

resoonsible for the base current Ib and the base noise Slb(f). Since Ib is orooortional to

the surface recombination velocity s, where s does not deoend on oosition

41b/lb = s /s; Slb(f)/b 2 = Ss(fM/s 2, (2.24)

where Ss(f)/s 2 should be indeoendent of bias. SIb(f) should thus be prooortional to lb

and this agrees with the exoeriment.

(b') Recombination at the surface of the emitter space charge region. This can occur in

silicon transistors, even if the base current is mainly due to injection of carriers into the

emitter region, because the recombination process is a noisy process. Let the

recomoination occur mainly in a narrow area around x , and let the potential at x 1 change by

an amount V1 when bias is applied. Then, if o is the hole concentration at xI for zero

bias, the hole concentration at x i with bias is olexp (qVI/KA). Hence the recombination

current Ir may be written

rr
*r q oitxo(qVi/(T) Aqffs; Ar q pitxp(qVh/r) Aeffis

or

SIr(f) a (q pjAff)2exp(2qV,/k) Ss(f)t (2.25)

where Ss(f) is independent of bias and equal to (constant) If. Since I I exo (qV/kT),

SIr(f) =const. Pi~v / s /f,  (2.261 )

For V, x V/2, Si(f) is orooortional to I, for V1 •0.75, as expected for p+-n-p

transistors, S1(f) is orooortional to I-'.

. . • d**
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These are ":.assical" thecrxes; t .1.: 7ave -: :e "'a te- :'.: te zrm

*-.at 'acoens to the eQuation

'f N 1? This might be the case for small devices at very small currents. The 4actor

No; f in the cercmnator is caused by the inconerence of the single - carrier contr.butins

w-., -:-e ::an zne :arrier are testing a certain cross section or orocess rate
sia-eously. This, however, is not the case for Neff< 1. Therefore Neff srould te

-eslaced by unity ,n that case in all formulae, so that

SI %f = 0(1,2/f (2.28)

in this limit. In cases in which Neff is proportional to I, SI(f) would be orooortional to I at

high currents and to 12 at very low currents in junctions. This is in agreement with

exoerimental observations by Radford and Jones2 , and by DeWames et al., but should be

further investigated in each case in relation to the ouantum i/f noise coherence length and

-t.e jnction area deoendence of the noise oower in this limit. Indeed, the oroocrtionaity

o> :is usually oredicted by the theory even for Nff >i because Nef f stoos oeing

orooortional to I at low currents, and becomes constant. In such devices the limit Neff< i

can not be reached unless the size of the device (e.g. the junction area) is further reaucec.

2.5. DISCUSSION

The ouantum I/f noise formulae presented above have been aoolied by Radford and

noes 2 to '/f ncise .n GR, diffusion and tunneling currents in both double eoitaxial layer

a' ion :molantea n H- ?gCdTe diodes. They botained good agreement wi, t.t exoerimentai

data in general, but were a factor 20 below the measured values at positive gate bias.

wnen an inversion ayer formed at the surface. This discrepancy may oe due otn

,I.



21

presence at positive gate bias of a noisy surface OR contribution (Eas. 19-19a), and to

kinetic energies of the tunneling carriers aoove the thermal level in the vicinity of the

inversion layer.

Another previously unexplained fact noted was the difference in the fractional noise

level of surface and bulk recombination currents. This is caused in Eas. (2.19-2.19a) both

by the surface potential jump 2U of the order of 1 Volt present at the interface betwen the

bulk and the oxide and passivation layers, and by the quantum I/f mobility fluctuation

noise in the spreading resistance which affects the passage of carriers to and from the

perimeter of the junction. Furthermore, the higher noise level of ZnS - passivated diodes

may be caused by a larger surface recombination speed associated with these coatings

compared to Si 2 passivations, and by a larger effective value of U. The larger surface

recombination speed pulls more of the recombination current from the bulk to the surface

where it has higher fractional noise. The larger potential jump U increases the apolicable

Ho ge parameter according to Eq. (2.19). Finally, the larger fractional 1/f noise levels of

ion implanted Jnctions is mainly caused by the 1-2 orders of magnitude lower carrier

lifetimes in Eqs. (2.18-2.23), which yield 1-2 orders of magnitude smaller Neff values and

larger fractional noise power values by the same factor.

In order to reduce the fractional noise level, the theory suggests the use of a surface

passivation which lowers the surface recombination speed and the surface potential jump.

The ideal Osurface would be a gradual increase of the gapwidth starting from the bulk

through compositional changes leading to a completely insulating stable surface outwards,

without the generation of surface recombination centers. In addition, the life time of the

carriers should be kept high, and abrupt or pinched regions in the junction should be

avoided. The reasonable choice of other junction parameters, including the staeoness of

the Mction and the geometry should yield lower injection - extraction and bulk

recombination noises by emphasizing the presence of the larger hole masses in the
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derominators of the aoove exoressicns. F:ra.y. :onerent state 1/i noise snould te

avcnoed by ail means by cotimizinn the ::7e7sions.

"", COHERENT STATES QUANTU 1I/f NOISE AND THE QUANTUM 1/f EFFECT

A ohysical, electrically charged# particle should be descr,.bed in terms m; ::nerent

svates of the electromagnetic field, rather than in terms of an eigenstate of the

;- ami'Ltonian. This is the conclusion obtained from calculations25 (of the infrarea radiative

::rrections to any process) performed both in Fock space (where the energy eigenstates

are taken as the basis, and the oarticle is considered to have a well defined energy) and in

the basis of coherent states. Indeed, all infrared divergences drop out already in the

-. calculation of the matrix element of the orocess considered, as it should be according to

the postulates of quantum nechanics, whereas in the Fock space calculation they drop out

only a posteriori, in the calculation of the corresponding cross section, or process rate.

From a more fundamental mathematical point of view, both the description of charged

oarticles in terms of coherent states of the field, and the undetermined energy, are the
::nseuence of the infinite range of the Coulcmb ootential'z. Both the amolitude and the

,, onase of the ohysical particle's electromagnetic field are well defined, but the energy, i.e.
'4

4 the number of photons associated with trim field, is not well defined. The indefinite

energy is reouired by Heisenberg's uncertainty relations, because the coherent states are

eigenstates of the annihilation operators, and these do not commute with the Hamiltonian.

A state which is not an eigenstate of the Hamiltonian is nonstationary. This means

that we should expect fluctuations in addition to the (Poissonian) shot noise to be present.

'What Kind of fluctuations are these? This

auestion was answered in a orevious oaoer 27 . The additional fluctuations were identified

there as 1/+ noise with a spectral density of 2w/rf arising from eac, electron

indeoendently, where Ax 1/137 is the fine structure constant.

-.r - V
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We will briefly aerive this result acain here. tut we wii stress the connection Vetween

the coherent quantum l/f noise and the usual -uantum I/4 effect.

3.1. COHERENT QUANTUM /f NOISE

The coherent quantum 1/f noise will be derived again in three steos: first we consider

just a single mode of the electromagnetic field in a coherent state and calculate the

autocorrelation function of the fluctuations which arise from its nonstationarity. Then we

calculate the amolitude with which this mode is reoresented in the field of an electron.

, Finally, we take the product of the autocorrelation functions calculated for all modes with

the amplitudes found in the previous step.

Let a mode of the electromagnetic field be characterized by the wave vector 04 the

angular frequency Wx cq and the polarization x. Denoting the variables Tand A simoly by

q in the labels of the states, we write the coherent state2 5 - 27 of amplitude Iz1I and phase

arg zq in the form

I.q) = exo-/23z 12) exorZ a +1 10> (3.1)

p 'qq""" " .,= exo -(1l2)I: 012J (zn~)In! ;n>.

Let us use a reoresentation of the energy eigenstates in terms of Hermite polynomials

Hn(x)

In> x (2nfl!i4)-1 /xE-2 3 Hn (x) aiw (3.2)

This yields for the coherent state Iz > the representation

Yt(x) =exol-(1/2)Iz I23@xpC-x 2/23n;[Qi*3/n V3/)nx

Sexo-(121 1 ]xo.-2/2]xo[-Z 2iit + 2xzeiJ )t 3 (3.3)

M 9 Z 
" ..'r .. .
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I In the last form the generatirna - tn o4 ine Hermge mclynorrials was usi .... *ne

:orresrnoming autocorreiation ci' o z the density function, cotained by

averaging over the time t or the ohase of Z., is, for I.. , ,

= {i + ax Izq12 [1 + cosw. - 21 I!,exp[-x (3.4)

,.ntearating over x from -vto wQ, we find the autocorrelation function

Av( = (21-(12^ + 21z-; cosO •  (3.5)

This result shows that the orobability contains a constant background with small

suoeroosed oscillations of freauencyw. Physically, the small oscillations in the total

probability describe a particle which has been emitted, or created, with a slightly

oscillating rate, and which is more likely to be found in a measurement at a certain time

than at other times in the same place. Note that for z = 0 the coherent state become! the

ground state of the oscillator which is also an energy ezgenstate, and therefore stationary

V1  and free of oscillations.

We now determine the amplitude zq with wich the field mode a is reoresented in the

ohysical electron. One way to do this2 7 is to let a bare particle dress itself through its

interaction with the electromagnetic field, i.e. by cerforming first order perturbation

theory with the interaction Hamiltonian

H' = A j/"= -(e/c)v A + el, (3.6)/,

where A is the vector potential and fPthe scalar electric ootential. Another way is to

Fourier exoand the electric potentzal e/4rr of a charged particle in a box of volume V. In

bozn ways we ootain2 7

z ela)2covr' . (3.7)
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Considering now all modes of the electrcmagne-t:: ield, we obtain from the single -

mode result of Eq. (3.5)

A ft) l(i + 21zq I2coSga (+ 2'zz !"cosw'd

= CCI + 2(V/2 ar3)fd3q izqI2 cosu . (3.8)

Here we have again used the smallness of zq and we have intoduced a constant C. Using

Eq. (3.7) we obtain

A) a CC] + 2(V/2 3ki 3 )(4'E/V)(e 2 /2ic) (dq/q)cos I

z COI + 2(otAr)fosw)d/WI. (3.9)

Here 0(= e2 /441c is the fine structure constant t/37. The first term in curly brackets is

unity and represents the constant background, or the d.c. part. The autocorrelation

function for the relative, or fractional density fluctuations, or for current density

fluctuations in the beam of charged particles is obtained therefore by dividing the second

term in curly brackets by the first term. The constant C drops out when the fractional

fluctuations are considered. According to the iener-Rhintchine theorem, the coefficient

of coswtis the spectral density of the fluctuations, Sr 12 , or Sj for the current density

10 (%3.10)

.4 Here we have included the total number N of charged particles which are observed

symultaoulsly in the detominator, because the noise contributions from each paticle are

independent. This result is related to the well known quantum 1/f effect 28 "33 . If a beam

of charged oarticles is scattered, passes from one medium into another medium (e.g. at
contacts), is emitted, or is involved in any Kind of transitions, the amplitudes zq which

describe its field will change. Then, even if the initial state was prepared to have a

well-determined energy, the final state will have an indefinite energy, with an uncertainty

~l. '~A4 P ~ -' ,i '.A; jih- * 2%J 2 :. r -~ 9 -
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2etermined by the dif4ermnce between the new and old : am-oitues. 4z-. This, however,

-s .ust th'e femsstrahlung amolitL.:eA-A. We thus regain the familiar ouantum 11/f effect.

*according t: which the small energy losses from tremsstahiung of infraouanta yield a final

state of indefinite energy, and therefore lead to fluctuations of the process rate, or cross

section, of the orocess in which the electrons have participated, and which has occasioned

the bremsstrahlung in the first place. The calculation of piezoelectric i/f noise3 4 which

deals with ohonons as 2nfraouanta, was phrased in terms of the ::herent field am ltiues

zo for the first time, although it is concerned only with the usual ouantum i/f effect. It

has o substituted by the oiezoelectric coupling constant g.
r.

3.2. CONNECTION 'ITH THE USUAL QUANTUM i/f EFFECT

The assumptions included in the derivation of the above coherent Quantum I /f noise

result are :

I - The "bare particle" does not have compensating energy fluctuations which could

cancel the fluctuattions oresent in the field. The latter are due to the interaction with

distant charges, and hawe nothing to do with the bare oarticle. Therefore, this assumotion

is Quite reasonable.

2 - The experimental conditions do not alter the physical definition of the charged

particle as a bare oarticle dressed by a coherent state field. This second assumption

depends on the experimental conditions.

One way to understand this second assumption is based on the soatial extent of the

- - beam of particles or of the physical sample containing charged particles, and is

soecifically based on the number of particles oer unit length of the sample. According to

this model, the coherent state in a conductor or semiconductor sample is the result of the

exoerimental efforts directed towards establishing a steady and constant current, and is

therefore the state defined by the collective motion, i.e. by the drift of the current

* carriers. It is exoressed in the Hamiltonian by the magnetic energy Em, or wnit lengt. :-
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Mrhe 'urrert carried by the samole. In very small samcles or elec.r-ni: =ev.ces, t!ris
magnetic energy

-m -(B2/rld3x = nevS/c3"in(l/r) (3.11

is much smaller than the total kinetic energy Ekof the drift motion o; -Ore individuai

:ar'iers

FK -mv'/2 = nSmv 2 /2 a Em/S. (3.13

Here we have introduced the magnetic field B, the carrier concentration n, the cross

sectional area S and radius r of the sample, the radius R of the electric circuit, and the

"coherent ratio"

s i E = 2ne2S/mc 2 ln (R/r) a 29 2 N'/mc2 , (3.13)

where N' = nS is the number of carriers per unit length of the sample and the natural

logarithm in(R/r) has been approximated by one in the last form. We excect the observed

s=e:t'al density of the mobility fluctuations to be given by a relation of the form

(t')SM(i) z (t/1+s)C2xA/fN3 + (s/1+s)C2#(/frfN] (3.14)

which can be interreted as an expression of the effective Hoage constant if the number N

of carriers in the (homogeneous) sample is brought to the numerator of the left hand side.

Eq. (3.14) needs to be tested experimentally. In this equation A a 2( /c)2 /31Tis the usual

norelativistic expression of the infrared exponent, present in the familiar form of the

-uantum 1/f effect 28 "33 . This equation does not include the quantum t/f noise in the

surface and bulk recombination cross sections, in the surface ano bulk trapping centers, in

.unneling and injection processes. .n emission or in transitions between two solids.

Note that the coherence ratio s introduced here eouals the unity for the critical vaje

S4' N a 2*jO 2 /cm., e.g. for a cross section S 6*10O
4cm2 of the samCle when a 11 .

, d
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For sma,. sam-ies wit,, X'(<N" or,.'- ne :.-st term survives, and for N"" "N:' orly the

second term :-emairns in :. ,3.14). 'e oe that an exoressicr similar to o. .. :4; N::

Ialow us t: e:tend tSe =resent good agreemert between theory and experiment tc the :ase

.. .4 large se":::rductor samoles 35-35.

IV. QUANTUM i/f NOISE IN SQUIDS

Any :ross section or orocess rate defined for elecrically charged varticles must

iluctuate in time with a I/f soectral density according to quantum electrodynamics, as a
5 =,I

conseauence of infrared - divergent coupling to low - freouency photons39 . This

i.. fundamental effect discovered 10 years ago# leads to quantum 1/f noise observed in many

systems with a small number of carriers, and is also present in the cross sections and

. process rates which determine the resistance and tunneling rate in Josephson junctions,

S-. eproviding a lower limit of the observed I/f noise.

This Section gives a brief and physical explanation and deriviation of the quantum 1/f

effect, followed by a discussion of the aoolication to Joseohson junctions and SQUIIs.

Consider a scattering exaeriment , e.g. Coulomb scattering of electrons on a fixed

charge and focus on the scattered current which reaches the detector. Part of the

Scnroedinger field of this outgoing beam has lost energy hf due to bremsstrar.ung in the

scattering process. This part interferes with the main, nonbremsstrahlung part yielding

beats at any frequency f in the outgoing DeBroglie waves. These beats are observed as
I- fluctuations of the scattered current and interpreted as cross section fluctuations.

The bremsstrahlung, amplitude is known to be (2'/3Trf)112v/c, where v is the change in

the velocity vector of the particles during the scattering process, and o is the fine

• structure constant e2 / c a 1/137. The beat current is orooortionai to this amoolitude, and

the soectral density of the fractional current j (or cross section V) fluctuations is

therefore
5%



Sj-(f) = 1-2SY(f ) a 4atv 2/,W.fc: (4.i)

wr:oi tucicates the number soectrum Cf -le emittec ohotons. He!e N Is the n.moer Cf the

oarticles which are simultaneously measuring the cross section.

In a Joseohson junction the normal resistance Rn of the barrier is proportional to a

scattering cross section or transition rate exoerienced by the electron in cuasipartice

tunelling and by the Cooper oairs below the critical current I c . Therefore

R n-4SRn(f) = 14df/3V (v2/c2Nf) = 1S(13r'1 (vF2-/c4 Nf) a 4-10-14/f&4.2)

where we have aoproximated v2 with 2vF2, vF being the Fermi velocity, and the number of

carriers N simultaneously present in the barrier of volume..int 3) by 107, for barriers

wider than iO-7cm.

' Assuming a linear relationship between the critical current Ic and Gn = Rn's we obtain

similar to Rogers and Buhrman 40

SV(F) a (4/f) 10 1 2(T/31()[Rsg(V)/(.s+RJ)32

-CI ,R n(i'/.c2 -1)- 1/2 + g(VV"- (4.3)

where Rj(V) is the junction resistance, Rs the shunt resistance, and g(V)=Rn/Rj.

The noise caused in a SQUID by the source considered above can be obtained as the sum

: of the noise contributions from the two junctions.

In addition to this noise present in each junction, SQUIDs may also allow us to see

coherent quantum 1/f noise

I'2SI(f) -- 4.6 1O' 3 /fNeff ,  (4.4)

where Nff is an effective number of carriers which define the coherent current state In

the vicinity of the two Josephson junctions. This noise is caused by the coherent

character of the field of each current carrier, whcih leads to uncertainty in its energy and

thereby generates an additional form of ouantum L/f noise in the current. In practice the
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. urrint -il ilucdate iess, Aece : n; on .he electric circuit which foods the 5gL:.U , ou-i

tne flux througfh the junction w1i" -;uc.uate, tnereoy exni:,:irg a derarture +rom a

zerfect!y coneren.t field state, i.e. !/f amolitude and phase fluctuations.

The above cuantum I/f results of Eqs.(4.2) and (4.3) are in good ouantitative agreement

with the experimental data40 , but the aoolication to SQUIDs of the coherent quantum 1/f

result (4.4) needs further investigation before a meaningful comparison with the
'9.

exoeriment can be oerformed.
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